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Abstract

Earth’s lower mantle consists predominantly of two minerals, bridgmanite and Fe-bearing
periclase, forming polycrystalline aggregates. Interpretation of seismic observations to constrain
mantle temperature and composition requires a detailed understanding of the elastic behavior of

mantle rocks. While the elastic properties of single-phase bridgmanite and periclase have been
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studied extensively, the bulk elastic properties of multiphase materials depend on how stress and

strain are partitioned between the constituent phases, a process poorly understood.

Here, we present high-pressure synchrotron X-ray diffraction data on a sintered polycrystal of
bridgmanite and periclase with estimated volume proportions of 7:3 and a bulk composition of
(Mgo.91Fe0.09)2S104, approximating a lower-mantle rock. We compare the compression behavior
of the two-phase assemblage in quasi-hydrostatic conditions with and without high-temperature
stress annealing. We find that bridgmanite forms a load-bearing framework, partially shielding
periclase from the external confining pressure. During compression without annealing, this
results in the development of under-pressure in the more compressible periclase. Consequently,
the pressure-volume curve appears shallower relative to single-phase periclase and the onset of
the iron spin crossover is suppressed, occurring at about 8 GPa higher external pressure. In
contrast, when the two-phase assemblage is heated at 1800 K for around 1 minute, stresses are
relaxed through plastic deformation and pressure is homogenized, producing compression curves

consistent with single-phase measurements.

Our results indicate that stress-strain partitioning in multiphase materials is highly temperature-
dependent, with compression behavior moving from a regime close to the iso-strain bound
towards the iso-stress bound with increasing temperature. The relative timescales of pressure
variations and stress-relaxation likely determine the bulk elastic behavior of a multiphase mantle
rock when a seismic wave passes. Future experimental investigations of the temperature- and
frequency-dependence of stress-strain partitioning in bridgmanite-periclase aggregates are key to

accurately model seismic properties of lower-mantle rocks.

Keywords: bridgmanite, periclase, stress-strain partitioning, compression behaviour, lower

mantle, iron spin crossover, multiphase material
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Introduction

Knowledge of the elastic properties of the materials constituting Earth’s deep interior is essential
for seismic inversions (e.g., Buchen 2021; Marquardt and Thomson 2020), which can provide
important information on the thermochemical structure of the mantle (e.g. Ballmer et al. 2017;
Cobden et al. 2024; Davies et al. 2012; Deng et al. 2023; Giilcher et al. 2021; Mosca et al. 2012).
The lower mantle consists predominantly of bridgmanite (~75 vol%) and a solid solution
between periclase and wiistite (~18 vol%), which we shall refer to as periclase here-after (Irifune
et al. 2010). High-pressure experiments and theoretical computations are used to determine the
properties of these minerals at the extreme conditions of the deep Earth. Such studies typically
focus on single-phase materials and the elastic properties of single crystals and powders of
periclase and bridgmanite have been studied extensively (e.g. Boffa Ballaran et al. 2012; Catalli
et al. 2010; Criniti et al. 2021; Kurnosov et al. 2017; Lin et al. 2005; Marquardt et al. 2009;
Trautner et al. 2023; Wolf et al. 2015). However, the mantle is made of multiphase materials and
the constituent minerals have different elastic properties (e.g. Irifune and Tsuchiya 2015;
Stixrude and Lithgow-Bertelloni 2024), as well as plastic properties (e.g. Immoor et al. 2022).
Understanding the relation between the properties of individual minerals and average elastic and
rheological properties of a multiphase aggregate is key for the interpretation of seismic

observations and modelling of geodynamic processes (Karato 2008).

The seismic wave velocities of multiphase materials are governed not only by volume fraction
and the geometry of the constituent phases, but also by the stress-strain distribution (e.g., Watt et
al. 1976). The Voigt (iso-strain) and Reuss (iso-stress) bounds represent two endmember models
for the average elastic behavior of a multiphase aggregate (Karato 2008; Reuss 1929; Voigt

1928). The Voigt bound assumes that elastic strain is homogeneously distributed throughout the
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material, so that the volume of each crystal in the aggregate changes by the same fraction upon
compression. For a multiphase aggregate, with contrasting elastic properties of the constituent
minerals, homogeneous strain will therefore result in a heterogeneous stress distribution. The
Reuss bound, on the other hand, assumes that the imposed external stress field is homogeneous
throughout a material. In this case, the stress state of each crystal in the aggregate will be the
same, but the amount of strain will vary between phases. Sound wave velocities of lower mantle
materials can be estimated by calculating the Voigt and Reuss bounds, but the resulting velocity
variations can be several percent (Buchen 2021; Marquardt and Thomson 2020). While not based
on any physical laws, the arithmetic mean of the bounds (Voigt-Reuss-Hill average) (Hill 1952)
1s most frequently used to approximate the elastic behavior of a polymineralic rock. In addition,
stress-strain partitioning may well vary with temperature and the frequency of seismic waves.
Thus, current knowledge of how stress and strain partition in mantle materials is limited, despite
its importance for the interpretation of seismic observations. Complex compression behaviors of
multiphase assemblages have been observed in high-pressure experiments (Glazyrin et al. 2016)
and to improve mineral physics models for the seismic properties of mantle rocks, a better
understanding of the processes governing the elastic response of multiphase materials is needed

(Buchen 2021).

Here, we present compression data of a sintered polycrystalline aggregate of Fe-bearing
bridgmanite and periclase, approximating a lower-mantle rock. We investigate how the
compression behavior of the two-phase assemblage differs between experiments in quasi-
hydrostatic conditions with and without high-temperature stress-annealing. We explain our
observations by considering how stress and strain are partitioned between periclase and

bridgmanite and we show how this affects the iron spin crossover in periclase (e.g., Badro et al.
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2003; Lin et al. 2013). Finally, we consider the implications of our findings for future
experimental studies on stress-strain partitioning in multi-phase materials and for estimating the

bulk seismic properties of mantle materials.

Materials & Methods

Preparation of sample materials and diamond-anvil cells

Compression experiments in diamond-anvil cells (DACs) were performed on sintered aggregates
of bridgmanite and periclase with sub-micron grain sizes. The detailed synthesis procedure is
described in Fei et al. (2021) and can be summarized as follows: a sintered two-phase aggregate
of bridgmanite and periclase was synthesized in a multi-anvil press at 27 GPa and 1700 K for 5
minutes. San Carlos olivine powder with an approximate composition of (Mgg 91Fe0 09)2S104 was
used as starting material, which should produce bridgmanite and periclase in a molar ratio of 1:1
(i.e. Mg,Fe),Si04 — (Mg, Fe)Si0; + (Mg,Fe)O), corresponding to an expected volume ratio of
approximately 7:3. The synthesized polycrystal was polished to a thickness of approximately 10

um and broken into pieces with diameters of <40 um.

Two DACs with 200 um culet size diamonds were prepared by pre-indenting rhenium gaskets to
a thickness of ~30 um and drilling a circular hole of ~90 um in diameter using the laser cutting
machine at the Department of Earth Sciences, University of Oxford. One cell (RT1) was
prepared for compression at room-temperature in quasi-hydrostatic conditions: a piece of two-
phase sample and a small piece of platinum foil, serving as pressure marker, were loaded in the
centre of the diamond culet, before loading helium as a pressure-transmitting medium (PTM)
using the gas-loading setup at beamline P02.2 at PETRA III, DESY, Germany (Liermann et al.
2015). After gas-loading, the pressure in the cell was ~8 GPa and the sample chamber had

shrunk to a diameter of ~50 um. Nevertheless, the sample remained isolated from the gasket
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(supplemental figure S1a), and quasi-hydrostatic conditions were likely maintained throughout

the experiment.

The second cell (LH1) was prepared for stress-annealing at high temperature by laser-heating. A

piece of platinum foil was placed as pressure marker on one of the diamond culets, before a piece
of sample, sandwiched between two layers of KCI of ~10 um thickness, was loaded in the gasket
hole (supplemental figure S1b). KCI served as both PTM and thermal insulation during laser-

heating.
High-pressure experiments and sample characterization

The cells were compressed using a gas-membrane system at beamline P02.2, DESY. X-ray
diffraction (XRD) images were collected in axial geometry on a Perkin-Elmer XRD1621
detector (Liermann et al. 2015), with a sample-detector distance of 412.1 mm. Tilting and
rotation of the detector and sample-detector distance were calibrated using a CeO; standard
(NIST 674b). Intense monochromatic synchrotron X-rays with a fixed wavelength of 0.2906 A
and a beam cross section with a full width of ~2x2 um? at half of the intensity maximum
(FWHM) were used. The sample in cell LH1 was annealed at high temperatures using a double-
sided on-axis laser-heating system with a Yb-fiber laser available at beamline P02.2, DESY
(Kondpkové et al. 2021). The hot spot on the sample had a FWHM of ~10 um and heating from
both sides ensured the sample was heated uniformly along the axis of the X-ray beam.
Temperatures were monitored using pyrometry of the light emitted from the hot sample

(Konopkova et al. 2021).

In diffraction patterns of the two-phase sample, peaks from face-centered cubic periclase (space
group Fm3m) partially overlap with the large number of diffraction peaks of orthorhombic

bridgmanite (space group Pbnm) (fig. 1). To keep fitting of the diffraction patterns as
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straightforward as possible, the pressure marker was placed next to the samples (supplemental
figure S1). For each measurement of cell RT1, pressure was increased by ~2 GPa and left to
stabilize for a few minutes. Then, a diffraction image of the pressure marker was recorded
directly before and after taking a measurement of the sample. This resulted in a total of 47 XRD
images of the sample in RT1 at pressures between 8 GPa and 86 GPa. During the 10 s exposure,
the cell was rotated by + 5° around the vertical axis (perpendicular to the X-ray beam). The

images of the pressure marker had a 3 s exposure, without rotation.

Cell LH1 was pre-compressed to 28 GPa to prevent amorphization of bridgmanite during laser-
heating. Pressure was increased in steps of ~2 GPa and the sample was annealed by laser-heating
at each pressure step. Each time the pressure was increased, the cell was allowed to stabilize for
a few minutes and the pressure marker was measured prior to recording an XRD image of the
sample. The sample was then heated to ~1800 K at spot 1 (supplemental figure S1b) for around 1
minute to anneal stresses. After quenching to room temperature, the sample was measured again
before taking another XRD 1mage of the pressure marker. A total of 37 images were taken of the
sample at pressures between 28 GPa and 74 GPa. The exposure time for images of the sample
was 5 s for the first three pressure steps and was then increased to 10 s, to improve intensity of
the diffraction peaks. The exposure time for images of the pressure marker was 3 s. After cell
LH1 was compressed to 74 GPa, the sample was heated at ~2200 K at a different position (spot
2, supplemental figure S1b) for ~15 minutes, to investigate how prolonged heating at high

temperature affects the sample.

To acquire zero-pressure volumes (7)) of the two phases in the sintered sample, a piece of
sample was placed on top of a diamond culet and a diffraction pattern was measured in air at

ambient pressure and temperature at beamline P02.2, DESY. The exposure time for this
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measurement was 1 s, and the X-rays had a wavelength of 0.4845 A, with a beam size of 3x8

um’ (FWHM).

After the compression experiment, the sample from cell LH1 was recovered and any remaining
KCl was removed by dissolution in de-ionised water. The sample was mounted on a holder and
analysed using a ThermoFisher Helios G4CXe Xenon Plasma FIB/SEM system (Focussed lon
Beam/Scanning Electron Microscope), equipped with an Oxford Instruments UltimMax 170 X-
ray detector for Energy Dispersive X-ray Spectroscopy (EDS), at the David Cockayne Centre for
Electron Microscopy, Department of Materials, University of Oxford, UK. The FIB was used to
cut and polish cross sections parallel to the compression axis across both laser-heating spots.
Cross sections were imaged with the SEM, and EDS measurements were taken to map elemental
distribution (fig. 2), processed using Oxford Instruments Aztec software. During imaging, the
sample was tilted by 52°, with a working distance of 3.9 mm. An acceleration voltage of 5 kV
and processing time of 6 s were used. The EDS map of spot 1 (fig. 2b) was collected with a 2733
s livetime, yielding ~43 million counts and the map of spot 2 (fig. 2a) was collected with a 1733

s livetime, yielding ~26 million counts.
Diffraction data processing and pressure determination

The program Dioptas (Prescher and Prakapenka 2015) was used to integrate the collected
diffraction images. The lattice parameters of bridgmanite, periclase and platinum, and the
corresponding uncertainties, were extracted from the diffraction patterns by LeBail refinement
with GSAS-II (Toby and Von Dreele 2013). Representative fitted diffraction patterns of the
sample for different experimental conditions are shown in figure 1. Platinum was fitted with a
face-centred cubic crystal structure (space group Fm3m). Parasitic peaks of rhenium (fitted with

a hexagonal close-packed crystal structure, space group P63/mmc) could not be avoided in the
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experimental run in helium, because of the shrinkage of the sample chamber. Peaks of KCI
(fitted with a body-centred cubic structure, space group Pm3m) are present in the patterns from

cell LH1.

The unit-cell volume of platinum was used to determine the pressure for all data sets, employing
previously published third-order Birch-Murnaghan Equation of State (EoS) parameters (Fei et al.
2007). Pressure in cell RT1 at each pressure step was determined from the arithmetic average of
the pressures recorded before and after measurement of the sample, while pressure of the sample
in cell LH1 was derived from the pressure measurement closest in time to the sample
measurement (1.e., before or after heating). For both cells, uncertainty in pressure was estimated
from the difference between the two pressure measurements at each step and the uncertainty of
the measurements themselves, propagated from the uncertainty in the unit-cell volumes of
platinum. The time delay between measurements of the sample and the pressure standard
introduced additional uncertainty to the estimated pressure of the sample. However, by letting
the pressure stabilize between pressure steps and measuring the pressure standard directly
before/after the sample this uncertainty was minimized. This is supported by the small difference
in the pressures measured before and after the measurement on the sample (i.e., 0.3 GPa in RT1
and 0.5 GPa in LH1 on average). The physical separation between the pressure standard and the
sample may produce a further small systematic pressure error if pressure gradients were present
in the sample chamber, although this should be minimized in RT1 and LH1 by the quasi-
hydrostaticity of helium and high-temperature stress annealing, respectively. We note that the
simultaneous measurement of the volumes of bridgmanite and periclase in the two-phase sample
allows for direct comparison of their relative compression behaviors irrespective of the absolute

pressure scale.
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10

Results & Discussion
Microstructure and composition of the bridgmanite-periclase polycrystal

Periclase and bridgmanite grains can be distinguished by brightness in backscattered electron
(BSE) images of the laser-heated sample recovered from cell LH1, with bridgmanite appearing
darker (fig. 2, top row). The distribution of both phases is homogeneous in unheated areas, with
grain sizes varying from about 0.1 pm to 0.5 um. The two phases are also discernible in EDS
elemental maps of Si and Mg, with a strong Si signal indicating bridgmanite and a strong Mg
signal corresponding to periclase grains (fig. 2). The expected volume ratio of bridgmanite to
periclase based on the olivine starting material (i.e., 7:3) is in good agreement with visual
estimates from the back-scattered electron images (fig. 2), as well as with a volume ratio of
73:27 produced by fitting of the diffraction pattern collected at 0 GPa. Whilst the distribution of
Fe appears mostly homogeneous in unheated areas of the sample, we observe one region
enriched in Fe, as well as a comparatively high Al-concentration of around 1.5 at.% (of all
atoms). This suggests the presence of some impurities or contamination in the starting material

and implies that the bulk composition of the sample can deviate locally from (Mgg.91Fe€009)2S104.

The grain size of the sample is too small to measure the composition of individual crystals by
EDS, but the spectra can nonetheless provide some information on bulk iron content and iron
distribution. In spot 1, where the compression data were collected, we find an average iron
number (i.e. Fe/[Fe+Mg]) of Fe#=0.063, which is lower than expected from the theoretical bulk
composition (i.e., Fe# = 0.09). However, measurements of composition with EDS are not very
precise; the standard-less analysis method employed here has a relative deviation from the
expected value of £ 25% (Goldstein et al. 2018). To constrain the iron distribution between

bridgmanite and periclase, we have derived spectra of comparatively Si-rich and Si-poor regions,
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11

which correspond to bridgmanite-rich and periclase-rich material, respectively (supplemental
figure S2). We can use the Si content as a proxy for the relative proportions of the two phases in
the measured region. The measured Fe# as a function of silicon number (i.e., St at.% normalized
with respect to the total cation content, or Si/[Fe+Mg+Si]) falls on a mixing line between the xz,
of periclase (at 0 Si#) and x, of bridgmanite (at 0.5 Si#) (supplemental figure S3). We find that
Fe# in the bridgmanite-rich areas is higher than in the periclase-rich areas, suggesting a partition

coefficient Kp < 1, where Kp = [Fe/Mg]pe./[Fe/Mg]g,.

The zero-pressure volumes of the two phases, measured by XRD (figs. 1a and 3), provide
additional constraints on iron distribution. For (Mg;«Fex)O periclase, we found V) =75.269(3)
A, suggesting xz. = 0.085 (Jacobsen et al. 2002; Trautner et al. 2024). Bridgmanite in the two-
phase mixture has V)= 164.446(5) A>. While iron in periclase is expected to be predominantly
ferrous for low iron contents (McCammon et al. 1998), iron in bridgmanite can exist as both Fe**
and Fe'™ and is able to occupy both the dodecahedral and octahedral sites. Fe*” expands the unit-
cell volume of bridgmanite more than Fe** relative to the Mg-endmember (Catalli et al. 2010).
The V) of bridgmanite in our sample indicates a minimum iron content of ~0.11 per three oxygen
per formula unit if the Fe*/ZFe is high (Hummer and Fei 2012). The iron contents of
bridgmanite and periclase estimated from the measured V) then indicate Kp < 0.8, which is

consistent with the EDS measurements.

It is well-known that laser-heating of iron-bearing samples in DACs can lead to Soret diffusion,
1.e., chemical diffusion driven by a temperature gradient (e.g. Sinmyo and Hirose 2010). Since
changes in composition often lead to changes in the unit-cell volume of minerals, chemical
segregation in the laser-heating spot could distort the compression data collected after laser-

annealing in cell LH1. To ensure that the collected data represent compression curves for
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constant composition of both minerals, we compare BSE images and EDS elemental maps of the
cross sections of spot 1, where the data was collected after repeatedly heating for short periods at
1800 K, and of spot 2, which was heated for ~15 minutes at 2200 K (fig. 2). In spot 2, we find
clear signs of chemical segregation, as well as changes in the volume fractions and compositions
of mineral phases. The sample has recrystallized with large (~1.5 pm) iron-depleted bridgmanite
grains forming in the centre and iron-enriched periclase concentrated in a rim surrounding the
hotspot (see also supplemental figure S4c). Migration of iron away from the hot center is in good
agreement with the observations of Sinmyo and Hirose (2010). None of the effects of laser-
heating in spot 2 are observed in spot 1: grain size and volume fractions of periclase and
bridgmanite remain unchanged and no variations in iron concentration are observed (fig. 2b), nor
do the XRD images show signs of recrystallization (supplemental figure S4b). From this we
conclude that the laser-annealing in spot 1 did not cause chemical segregation, likely because of

the lower temperature than in spot 2.
Compression curves of periclase and bridgmanite in a two-phase mixture

The pressure-volume (P-})) measurements for periclase in the sintered two-phase aggregate with
and without stress-annealing are shown in figure 3a. The compression curve of periclase from
the annealed sample is in excellent agreement with previously published compression data for
powders of (MgooFep1)O (Marquardt et al. 2009) and (Mg g3Fe(.17)O (Lin et al. 2005), as well
as the P(V)-curve of (MgosiFeo.19)O predicted by ab initio computations (Trautner et al. 2023).
In contrast, we observe a striking difference in compression behavior in the sample without
annealing: the compression curve 1s much shallower, 1.e., shifted to increasingly higher volumes

with increasing pressure, compared to the annealed data. This cannot be attributed to
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compositional differences, since EDS analysis showed no evidence of Soret diffusion as

discussed in the previous section.

The P(V) data for bridgmanite in the annealed and unannealed two-phase sample are shown in
figure 3b, together with literature results for single-crystal (Mgo ocFe0.04)S103 (Boffa Ballaran et
al. 2012) and powder of (Mg;<Fex)(S11xFex)O3; with xz = 0.1 (Catalli et al. 2010). The lattice
parameters as a function of pressure are shown in supplemental figure S5. The volumes for
bridgmanite in the unannealed sample are in good agreement with literature data, showing no
signs of a deviation from the previously reported compression behavior, as observed for periclase
in the unannealed two-phase sample. A slight offset in the volume curves is likely due to
differences in iron content and oxidation state, since the unit-cell volume of bridgmanite is
known to increase with both Fe*"/SFe and total iron content (Boffa Ballaran et al. 2012; Catalli
et al. 2010). The trend of the compression curve for bridgmanite in the annealed sample is also
consistent with the literature data, but it is shifted to higher volumes relative to the unannealed
sample with a near-constant offset. This observed offset might result from systematic errors in
the here-determined volumes of bridgmanite in the annealed sample that were complicated by
peak overlap with KCl and periclase, making it difficult to constrain the three unique lattice
parameters of orthorhombic bridgmanite (fig. 1¢). However, heating the sample might also have
caused an increase in Fe*"/ZFe, which is known to expand the unit-cell volume (Catalli et al.
2010). In addition, the offset from previous studies may also be the result of errors in the

pressure determination caused by differences in the pressure markers and scales used.

Glazyrin et al. (2016) have previously studied the compression of a bridgmanite-periclase
mixture with a Fe-, Al-, Ca-bearing mantle-like composition, comparing results from

experiments with an unannealed sample under strongly non-hydrostatic conditions to an
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annealed sample surrounded by a pressure medium. Before laser-annealing they observed
anomalous compression behavior not just in periclase, but also in bridgmanite, which contrasts
with our observations for the unannealed two-phase sample. We can explain this by the
differences in hydrostaticity of the experiments: the sample studied by Glazyrin et al. (2016) was
bridging the walls of the sample chamber, producing a strong deviatoric stress component, while
our sample in cell RT1 was completely surrounded by helium and thus under quasi-hydrostatic
conditions. Nonetheless, we find that the volume of periclase in the unannealed sample is ~3.5%
larger than expected from single-phase measurements at 80 GPa, suggesting that the stress-state
inside the sintered two-phase aggregate differs from the external quasi-hydrostatic pressure
acting on the polycrystal. We attribute this to stress-strain partitioning effects between

bridgmanite and periclase, as discussed in the following section.

Stress-strain partitioning between periclase and bridgmanite

The bulk elastic behavior of the two-phase sample is expected to lie between the Voigt and
Reuss bounds, 1.e. homogeneous strain or homogeneous stress, respectively (Karato 2008; Reuss
1929; Voigt 1928). Differences in how stress and strain are partitioned between periclase and
bridgmanite may explain the contrasting compression behavior of periclase in our experiments
with and without laser-annealing. The use of a soft pressure-transmitting medium in a DAC
experiment ensures that deviatoric stress in the sample chamber is minimal and that the sample
as a whole experiences quasi-hydrostatic compression. However, even if the bulk macroscopic
stress 1s hydrostatic, anisotropy and differences in the compressibility of the constituent phases
of a sintered polycrystalline and/or multiphase material will result in deviatoric stresses

developing within grains and at the grain boundaries (e.g., Angel et al. 2015; Buchen et al. 2018;
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Wang et al. 2023). Whether these stresses are accommodated elastically or plastically depends

on whether they exceed the material’s yield strength.

Bridgmanite is generally thought to be plastically stronger than periclase at experimental strain
rates (Girard et al. 2016; Immoor et al. 2022; Miyagi and Wenk 2016), although this may reverse
at the low strain rates naturally occurring in the mantle (Cordier et al. 2023). The volume
proportions of bridgmanite and periclase in the two-phase sample are approximately 7:3 and
back-scattered electron images of the sample (fig. 2) show that periclase grains are not
interconnected (at least not in the two-dimensional cross-section sampled). This suggests that
bridgmanite, as the stronger and volumetrically dominant phase, forms a load-bearing framework
(Handy 1994), imposing its strain on periclase by shielding periclase grains from the external

stress field up to the yield strength of the bridgmanite grains.

The anomalous compression behavior of periclase in the two-phase sample without laser
annealing can thus be explained by elastic deformation close to the iso-strain bound. Because
bridgmanite is less compressible than periclase (e.g., Boffa Ballaran et al. 2012; Marquardt et al.
2009), the pressure transmitted to periclase by elastic deformation of the bridgmanite framework
1s lower than the external confining pressure, resulting in a less steep compression curve. In
contrast, the compression behavior of the two-phase sample with laser-annealing appears close to
the 1so-stress bound: periclase in the two-phase sample exhibits the same compression behavior
after laser-annealing as single-phase periclase in previous sudies (fig. 3a), indicating that the
pressure acting on the periclase grains is equal to the external confining pressure. This is
illustrated schematically in figure 4. Laser-annealing homogenizes stresses in the sample,
because the yield strength of bridgmanite is reduced at higher temperatures and deviatoric

stresses are relaxed through plastic deformation (Glazyrin et al. 2016; Kraych et al. 2016). In
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addition, an increase in the Fe*"/ZFe of bridgmanite during laser-heating might also contribute to
homogenization of stresses by increasing the number of oxygen vacancies and decreasing creep

strength (Fei et al. 2021).

We can further investigate the stress-strain partitioning in the sample by looking at normalized
volume strain (¢ = [V-V,]/V,) as a function of pressure (fig. 5). Since the two-phase sample
was synthesized at 27 GPa (Fet et al. 2021) and decompression to room pressure is likely to have
changed the stress state, we use the volumes that were determined for each phase at 27 GPa as
V.er. We compare our results for the sintered two-phase aggregate with single-phase data on Fe-
bearing periclase and bridgmanite from literature (Boffa Ballaran et al. 2012; Catalli et al. 2010;
Lin et al. 2005; Marquardt et al. 2009). We find that the derivative of the strain-pressure curve in
single-phase periclase is larger than for single-phase bridgmanite (fig. 5), as expected from the
higher compressibility of periclase (e.g. Boffa Ballaran et al. 2012; Marquardt et al. 2009). For
the annealed sample, the strain of both phases is in excellent agreement with the single-phase
data, confirming that the elastic behavior of the sample in this experiment is best described by
the 1so-stress model. For the unannealed sample, the strain of bridgmanite 1s also consistent with
the single-phase data. However, the strain of periclase is intermediate between that of single-
phase periclase and that of bridgmanite, suggesting that stress-strain partitioning in the

unannealed sample is intermediate between the Voigt and Reuss bounds.

The pressure difference between periclase in the annealed and unannealed sample for the same

strain may be related to the yield stress of bridgmanite, i.e., the maximum shear stress that can be
supported before plastic deformation occurs and the confining pressure is partially transmitted to
periclase. Between ¢=0 (i.e., at 27 GPa) and £=-0.1, the pressure difference between the pressure-

strain curves of annealed and unannealed periclase in the two-phase sample increases from ~0
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GPa to ~8 GPa (fig. 5 and supplemental figure S6). This is approximately half of the yield
strength observed in bridgmanite at room temperature and high pressure (Miyagi 2021). We note
that the yield strength will be lattice-plane dependent, 1.e., anisotropic, and related to the critical
resolved shear stress (e.g., Kraych et al. 2016; Lin et al. 2017). It is thus expected that some

plastic flow occurs at stresses below the bulk yield strength.
Effects of stress-strain partitioning on the iron spin crossover in periclase

At high pressure, ferrous iron in Fe-bearing periclase undergoes an electronic reconfiguration
from high-spin to low-spin state (e.g., Badro et al. 2003; Lin et al. 2013). This spin crossover is
associated with an enhanced reduction in unit-cell volume of periclase and softening of the bulk
modulus, which is thought to lead to changes in seismic velocities of the lower mantle (e.g.
Cobden et al. 2024; Crowhurst et al. 2008; Marquardt et al. 2018; Marquardt et al. 2009; Méndez
et al. 2022; Trautner et al. 2023; Wu et al. 2013). The partitioning of stress and strain between
bridgmanite and periclase in the two-phase aggregate is likely to affect the spin state of iron in
periclase, since the spin crossover is sensitive to the iron-oxygen bond length, which changes

with pressure (Badro 2014; Lin et al. 2013).

The 1ron spin crossover-induced volume reduction occurs gradually, making it difficult to

pinpoint the onset pressure in the P(V)-curve of periclase (fig. 3a). It is more easily identified in

a plot of normalized stress F as a function of pressure, where F = — L2 ___ and Eulerian strain
3f(1+2f)5/2

2

f=05 (%5 — 1) (Angel 2000; Stacey et al. 1981). Therefore, we calculate the normalized stress

of periclase in our experiments. We use the measured zero-pressure volume for periclase in the

two-phase aggregate for the data collected without laser-annealing. For the data on the annealed
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sample we use the V) reported by Marquardt et al. (2009), because it is in better agreement with

the extrapolated pressure-strain curve (fig. 5).

In the F-P plot (fig. 6), the spin crossover in Fe-bearing periclase 1s marked by a drop in
normalized stress (e.g. Glazyrin et al. 2016; Solomatova et al. 2016). We find that the spin
crossover in periclase in the two-phase sample occurs between approximately 40-60 GPa with
laser-annealing and between about 48-72 GPa without laser-annealing. Note that these pressures
represent the external quasi-hydrostatic pressure determined from platinum and do not
necessarily correspond to the pressure experienced by periclase inside the sample. The apparent
shift of the onset to higher pressure and broadening of the spin crossover range in the unannealed
sample 1s consistent with periclase experiencing a lower confining pressure than expected from
the external pressure in the sample chamber, because it is shielded by less compressible

bridgmanite.

The intercept on the F axis of the F-P plot corresponds to the value of the bulk modulus at
ambient conditions (Kj). Single-phase periclase has a Ky around 158 GPa (Marquardt et al.
2009), while single-phase bridgmanite has a Ky around 250 GPa (Boffa Ballaran et al. 2012).
Despite the large scatter in the F-P plot at low pressures typical for such plots (Angel 2000), it is
evident that K of periclase for the unannealed sample (about 180 GPa, fig. 6) appears
intermediate between the values of single-phase periclase and bridgmanite. This is further
evidence suggesting that, at ambient temperature, the elastic behavior of periclase in the two-

phase aggregate is controlled by the compressibility and yield strength of bridgmanite.

Implications

Our experimental investigation of the compression behavior of a sintered two-phase aggregate of

Fe-bearing bridgmanite and periclase under quasi-hydrostatic conditions shows that a load-
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bearing framework of bridgmanite can partially shield periclase from the external confining
pressure, affecting the spin state of iron in periclase. The phenomenon of over- or under-pressure
development in isolated grains within a multi-phase system as a result of differences in
thermoelastic properties of the phases is well-known in host-inclusion systems (Angel et al.
2015). For example, the residual over-pressure in silicate inclusions in natural diamonds after
they have been transported to the surface can be used to constrain the conditions of entrapment
(e.g.Howell et al. 2012; Nestola et al. 2011), 1.e., elastic barometry. Moreover, the development
of under-pressure in quartz inclusions in garnet during subduction can prevent a transition to
coesite, even if external pressure-temperature conditions have reached the coesite stability field
(Alvaro et al. 2019). This is comparable to the suppression of the spin crossover in the
unannealed two-phase sample observed in our experiments. Whether or not such pressures
differences in confined phases are preserved depends on the strength of the host phase, as well as

the timescales of stress-relaxation through plastic deformation.

We have shown that the compression behaviour of the sintered bridgmanite-periclase aggregate
1s closer to the 1so-strain bound in quasi-hydrostatic conditions without laser-annealing, but
changes to 1so-stress with annealing. This implies that stress-strain partitioning between
bridgmanite and periclase is sensitive to temperature, shifting towards the Reuss bound with
increasing temperatures as the yield strength of bridgmanite decreases. In addition to a
temperature-dependence of stress-strain partitioning, it may be expected that there also is a time-
dependence, related to element diffusion rates that govern the plastic deformation mechanisms
allowing stresses to homogenize. This would open the possibility that the Reuss bound applies to
slow geologic processes at high temperatures, whereas the Voigt bound may be more relevant for

rapid seismic deformations.
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We found that heating the two-phase sample to 1800 K for a relatively short period of time (i.e.,
around 1 minute) is sufficient to anneal stresses and equilibrate pressure in the sample, although
the required time/temperature likely depends on grain size. Since temperatures in the lower
mantle are thought to exceed 1800 K, we do not expect any pressure differences to develop in
periclase and bridgmanite during upwelling or downwelling over geologic timescales. However,
compressional seismic waves travelling through Earth’s interior produce pressure variations over
much shorter timescales, 1.e., milliseconds to minutes. If a passing seismic wave produces
pressure-differences within a multi-phase rock, this could affect the average elastic properties of
the rock in a dynamic way and would have to be considered in the interpretation of seismic
observations. In particular, for lower mantle rocks consisting primarily of bridgmanite and Fe-
bearing periclase, the shielding effect of bridgmanite may impact the seismic signature of the

1IrOn Spin Crossover.

Improving our understanding of the temperature- and frequency-dependence of stress-strain
partitioning 1s key to accurately model the elastic behavior of a polymineralic rock and interpret
seismic observations (Buchen 2021). Experimental capabilities are advancing with the
development of (radial) dynamic diamond anvil cells (Huston et al. 2024; Jenei et al. 2019;
Marquardt et al. 2018; Méndez et al. 2020; Wang et al. 2026). These techniques can be used to
perform cyclic loading experiments, opening up the potential for measuring stress-strain
partitioning in polycrystalline materials at lower-mantle pressures and at the frequencies of
seismic waves. Such measurements will allow future studies to improve mineral physics models
for the seismic properties of lower-mantle rocks, in particular by further investigating how the
complex elastic behavior of bridgmanite-periclase aggregates described in this study is affected

by oscillating stresses.
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Figure Captions

Figure 1. Representative X-ray diffraction patterns of the bridgmanite-periclase polycrystal at
different experimental conditions. Calculated (calc) spectra from LeBail fitting are also shown,
with subtracted background (bkg) and difference curve (diff), as well as the differences between
measured and calculated spectra divided by their uncertainty (4/0). (a) Sample in air at ambient
pressure and temperature. (b) Unannealed sample in helium, at 51 GPa and 300 K. (¢) Annealed

sample in KCl, at 51 GPa and 300 K.

Figure 2. Backscattered electron images (top-row) and EDS elemental maps acquired at 5 kV for
Si, Mg and Fe (second, third and fourth row, respectively) of cross-sections of the laser-heated
areas in the polycrystalline sample of bridgmanite and periclase. Bridgmanite appears darker in
the BSE images, while periclase appears brighter. The compression axis during the experiment is
indicated by the black arrow on the right. (a) Cross-section of spot 2, which was heated at 2200
K (outlined by the red ellipse). The black ellipse indicates an area enriched in aluminum. (b)

Cross-section of spot 1, which was heated at 1800 K (outlined by the red ellipse).

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2025-10040. http://www.minsocam.org/

31

Figure 3. Compression curves for (a) periclase (blue circles) and (b) bridgmanite (red
diamonds). Volume-pressure data collected during compression of the two-phase sample in KCI
or in helium as pressure medium and with or without laser-annealing are shown with filled and
open symbols, respectively. The open star indicates the volumes at ambient conditions and the
filled star indicates volumes measured in KCl before annealing. Also shown are literature data
with similar compositions as those estimated for the two-phase sample: (a) single-phase powder
of Fe-bearing periclase as filled (Marquardt et al. 2009) and open (Lin et al. 2005) black
triangles, as well as theoretical computations (Trautner et al. 2023) (black line); (b) single-crystal
bridgmanite (Boffa Ballaran et al. 2012) and single-phase powder of bridgmanite (Catalli et al.

2010) as filled and open black squares, respectively.

Figure 4. Schematic representation of the differences in compression behavior of a sintered
bridgmanite-periclase polycrystal with and without high-temperature stress annealing.
Bridgmanite (Bg, red) forms a load-bearing framework, shielding periclase (Per, blue) from the
external pressure (Pgy) during compression without annealing (top right). Because the relative
volume change (4V/V,) in bridgmanite and periclase 1s the same, but periclase is more
compressible, this results in a lower pressure acting on the periclase grains. During compression
with annealing (bottom right), pressure is homogenized, resulting in a larger volume reduction
in periclase with respect to bridgmanite. The dashed lines indicate the pre-compression state of

the grains.

Figure 5. Volume strain as a function of pressure for periclase (blue circles) and bridgmanite
(red diamonds) in the sintered polycrystal, relative to the volume at 27 GPa. Strains measured in
the experiments with or without laser-annealing are shown as filled and open symbols,

respectively. Also shown are literature data for single-phase powder of Fe-bearing periclase as
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filled (Marquardt et al. 2009) and open (Lin et al. 2005) black triangles, as well as single-crystal
bridgmanite (Boffa Ballaran et al. 2012) and single-phase powder of bridgmanite (Catalli et al.
2010) as filled and open black squares, respectively. The black line shows theoretical

computations for Fe-bearing periclase (Trautner et al. 2023).

Figure 6. Normalized stress F' as a function of pressure for (Mg;<Fex)O periclase. Data from
periclase in the two-phase sample with and without laser-annealing are shown with filled and
open blue circles, respectively. Also shown are literature data for single-phase periclase from
Marquardt et al. (2009) (filled black triangles) and Lin et al. (2005) (open black triangles), as
well as theoretical computations (Trautner et al. 2023) (black line). A drop in the normalized
stress occurs across the pressure range of the iron spin crossover, which is indicated as filled and

open bars for the experiments with and without laser-annealing, respectively.
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